Various phenolic resins modified with carbon nanofibers were prepared using Fe(NO 3 ) 3 , Co(NO 3 ) 2 , and Ni(NO 3 ) 3 as catalyst, respectively. The influences of different catalysts on the phase, microstructure evolution, and oxidation resistance of the modified phenolic resin were investigated by X-ray diffraction analysis, field-emission scanning electron microscopy, and thermal gravimetric analysis. The results showed that, compared with a single catalyst, the mixed catalysts (Co(NO 3 ) 2 : Fe(NO 3 ) 3 = 1 : 1) promoted the growth of the carbon nanofibers, which have the higher crystallinity, homogeneous dispersion, and nonagglomeration. These carbon nanofibers can effectively reduce carbon losses, increase char yield, and fill the holes in the thermal cracking process of phenolic resins.
Introduction
Carbon-contained refractories are widely used in converter, AC arc furnace, and external refining equipment due to their good characteristics [1, 2] , for example, fire resistance, erosion resistance, thermal shock resistance, and high temperature creep. Phenolic resin (PR) is an important binder of carboncontained refractory, which has high fixed carbon rate as well as high wettability with graphite and oxide. The phenolic resin-pyrolysed carbon can not be wetted by molten slag and demonstrates high thermal conductivity [3] . However, it is an isotropic glassy carbon with high brittleness, which affects possible improvement of the thermal shock resistance of carbon-contained refractory [4, 5] . To improve the crushing and bending strengths before and after coking, as well as the oxidation resistance and thermal of carbon-contained refractory, several studies have focused on PR modification by adding various antioxidants, such as Al, Si, SiC, and B 4 C [6] [7] [8] . However, these modification methods still need to be further optimized.
Carbon nanofibers (CNFs) have superior mechanical properties and excellent thermal properties [9, 10] , and the pyrolysis process of PR is suitable to form CNFs in situ [11, 12] . Compared with the traditional external addition methods, the in situ formation of CNFs can transform the glassy isotropic carbon of the phenolic resin-pyrolysed carbon into graphitic carbon by catalytic graphitization. Moreover, the CNFs can uniformly disperse in PR and improve high temperature oxidation resistance of PR [13, 14] . In this report, the influences of the different catalysts on the phase, microstructure evolution, and oxidation resistance of the modified phenolic resin were investigated systematically.
Materials and Methods
The appropriate ratios of phenolic resin powder and nitrate catalyst were dissolved in ethylene glycol to form a mixture precursor. And the precursor was stirred by a propeller stirrer (speed of 6.5-7.5 kr/min) for 1 hour. Then, the stirred mixture precursor was buried in carbon with heat treatment at 1100 ∘ C for 3 h, after that, which was naturally cooled to room temperature. Finally, the residue was collected to achieve the modified PR sample. Six PR samples were prepared with different nitrate catalyst (shown in Table 1 ).
In the experiment, the morphologies of the CNFs formed in phenolic resin were analyzed by field-emission scanning electron microscopy (FESEM, Nova400 NanoSEM). The crystalline phase and the degree of graphitization of the CNFs were examined by X-ray diffraction (XRD, X-pert Pro). Thermal gravimetric (TG, STA449C) analysis can be used to characterize the char yield of the phenolic resin modified with carbon nanofibers through weight loss rate in different temperatures.
Results and Discussion

FESEM Analysis.
To obtain the original morphology of PR sample, the cross-sections of PR samples were chosen randomly. Figures 1 and 2 showed the typical morphologies of the CNFs formed in the modified PR with different catalysts.
It was found that a large number of carbon nanofibers were grown out from the carbon pore network during the pyrolysis of phenolic resin (see insert Figure 1 (a)). The CNFs formed in the sample (b) were long (≈6∼8 m), curly, and twining, while the CNFs formed in the sample (c) were short (≈1∼3 m), straight, and sparse. The length, diameter, and aggregation degree of the CNFs formed in the sample (a) were between the samples (b) and (c), which may be related to the activity of three catalysts. The FESEM and REM photographs of the PR samples with mixed catalysts (Figures 1(d)-1(f) ) showed that the CNFs in the sample (d) were serious wound and agglomerate. The CNFs' diameters of the sample (e) increased to about 0.15∼0.30 m, while their distribution became sparse (Figure 1(e) ). Compared with a single catalyst, the mixed catalysts (Co(NO 3 ) 2 /Fe(NO 3 ) 3 ) can promote the growth of the CNFs in PR, which exhibited the characteristics of large amount, homogeneous dispersion, and nonagglomeration (Figure 1(f) ). Figure 3 showed the XRD patterns of the modified PR with different catalyst. Graphite phase was found in all modified PR samples, which can be distinguished according to the diffraction peaks at 26.4
XRD Analysis.
∘ and 54.7 ∘ (JCPDS number 40-1487). The result suggested that graphite-like structure appeared in phenolic resin at 1100 ∘ C, which can be verified by FESEM analysis, that is, a large amount of CNFs formed in phenolic resin. In the modified PR samples with a single catalyst, the diffraction peak intensity values of the sample (c), (a), and (b) showed a decreasing trend. It was indicated that the CNFs in the PR with Fe(NO 3 ) 3 catalyst had higher crystallinity, and amorphous carbon structures are less in the PR.
Compared with the modified PR samples using a single nitrate as catalyst, the diffraction peak intensity values of the sample (d), (e), and (f) were increasing significantly. It showed that the mixed catalysts can promote the CNFs' growth and decrease amorphous carbon structures.
Among them, the peak intensity of the modified PR with Co(NO 3 ) 2 /Fe(NO 3 ) 3 catalyst was the highest. It was due to the large amounts of homogeneous dispersion and nonagglomeration CNFs in the phenolic resin (see Figure 1(f) ). Figure 4 is the TG analysis of the modified PR with different catalysts. According to Figure 4 , the values of weight loss rates of the modified PR samples with different catalysts were calculated and shown in Table 2 . It was shown that the reference PR (without catalyst) began weight loss at about 80 ∘ C; however, all modified PR samples appeared smaller weight loss at about 200 ∘ C. At about 600 ∘ C, the weight loss rate of reference sample was up to 80%; the weight loss rate of sample (a) was about 72%; the weight loss rates of sample (b) and (c) reduced to 35% and 12%; the weight loss rates of the other samples (i.e., d, e, and f) were less. It may be related to the growth of CNFs in PR. The nitrate catalyst can decompose and generate active metal Co, Ni, and Fe particles at high temperature. Taking Ni(NO 3 ) 2 , for example, specific chemical reactions are shown as follows:
TG Analysis.
(1)
These active metals (Co, Ni, and Fe) can capture the gases (i.e., CH 4 and CO) produced in the pyrolysis process of phenolic resin at high temperature and catalytic crack the gases to form CNFs [15] . This reaction process can effectively improve char yield of PF.
At about 700 ∘ C, all of the samples have obvious weight loss. Reference sample stopped weightlessness at 640 ∘ C; samples (a) and (b) stopped weightlessness at around 700 ∘ C; samples (c), (d), and (e) stopped weightlessness at around 750 ∘ C; sample (f) stopped weightlessness at around 833 ∘ C. The trend of the weightlessness of PR may be related to the structure and morphology of the CNFs in modified PR samples (Figure 1 ). Since the oxidation reaction usually starts from the defect position of CNFs [16] , it can be suggested that high crystallinity of CNFs can promote the oxidation resistance of PR in high temperature.
Conclusions
(1) Compared with the traditional external addition methods, the in situ formation of CNFs can transform the glassy isotropic carbon during the pyrolysis of phenolic resin catalytic to graphitic carbon by catalytic graphitization. Moreover, the formed CNFs can uniformly disperse in PR and effectively reduce carbon losses and improve char yield of phenolic resin.
(2) Among Fe(NO 3 ) 3 , Ni(NO 3 ) 3 , and Co(NO 3 ) 2 catalysts, Fe(NO 3 ) 3 can effectively improve the stacking-thickness and dimensions of six-membered ring carbon layer of the carbonized product and promote the closer arrangement of carbon atoms. This result can help improve the crystallinity of the CNFs formed in phenolic resins. carbon nanofibers, which have the characteristics of higher crystallinity, homogeneous dispersion, and nonagglomeration.
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